INTRODUCTION
Entamoeba is a genus of Amoebozoa found as either an internal parasite or a commensal of animals and humans. Several species found in humans include Entamoeba histolytica, Entamoeba dispar, Entamoeba moshkovskii and Entamoeba coli. Among these, Entamoeba histolytica is the only pathogenic species that causes amoebic dysentery and a wide range of other invasive diseases, including amoebic liver abscess (Tachibana et al., 1992) , respiratory tract infections, and cerebral and genito-urinary amoebiasis (Fotedar et al., 2007; Jackson, 1998) . Initially, it was thought that 10 % of the world population was infected with Entamoeba histolytica, but later reports showed that 90 % of these infections were due to the non-pathogenic but morphologically identical Entamoeba dispar (Diamond & Clark, 1993; Stauffer & Ravdin, 2003; Tanyuksel & Petri, 2003) . Treatment of Entamoeba histolytica carriers is considered necessary to disrupt transmission of the parasite and alter progression of non-invasive to invasive disease, which may eventually lead to death. However, unnecessary medication given to individuals harbouring the nonpathogenic Entamoeba dispar can cause a number of avoidable side effects, which may be severe. Hence, detection and differentiation of Entamoeba species in stool samples is crucial for improved management of intestinal amoebiasis (WHO, 1997).
Microscopic examination of Entamoeba histolytica in stool samples cannot differentiate Entamoeba histolytica from the morphologically identical Entamoeba dispar. Although Entamoeba histolytica trophozoites are more likely than those of Entamoeba dispar to contain ingested erythrocytes, they rarely present with ingested erythrocytes (Diamond & Clark, 1993; González-Ruiz et al., 1994) . Moreover, microscopy is only 60 % sensitive, frequently produces falsepositive results and requires skills that are user-unfriendly (Khairnar & Parija, 2007) .
Although culture along with isoenzyme analysis enables the differentiation of Entamoeba histolytica from Entamoeba dispar, these combined procedures require a relatively long period of time to complete and are frequently negative with microscopy-positive stool samples (González-Ruiz et al., 1994; Haque et al., 1995 Haque et al., , 1997 Strachan et al., 1988) . The enzyme analysis is not always successful as it relies on culture growth and a large number of amoebae. Selection bias during cultivation of amoeba samples causes a reduction in sensitivity (Fotedar et al., 2007) . In addition, the necessity for skilled personnel to handle parasite culturing and a complicated diagnostic procedure lead to high costs (Clark & Diamond, 2002) .
Antigen-based ELISA kits that are specific for Entamoeba histolytica such as the TechLab Entamoeba histolytica II kit are known to be sensitive and specific enough for Entamoeba histolytica diagnosis screening due to the highly conserved antigenic differences in the lectins of Entamoeba histolytica and Entamoeba dispar (Fotedar et al., 2007) . However, sample contaminants that can interfere with the antigenantibody reaction allow the production of false-positive results (Furrows et al., 2004; Visser et al., 2006) . In addition, ELISA has been reported to perform poorly compared with PCR when both were tested against microscopy-positive stool samples (Gonin & Trudel, 2003) .
PCR has been reported to be approximately 100 times more sensitive than the best ELISA kit currently available (Mirelman et al., 1997) . However, hindrances in the use of PCR tests in resource-limited areas include cold-chain transportation, cold storage and the requirement for personnel skilled to perform the test (Chua et al., 2011) . PCR tests are well known for their exponential amplification principle, in which a slight error in pipetting will affect the final test result. Multiple pipetting increases the chances of contamination, which may lead to false-positive results. Furthermore, stool samples contain inhibitors that may hamper the amplification process. Currently, there is still no PCR assay for Entamoeba histolytica detection that incorporates an internal amplification control (IC) to indicate the presence of PCR inhibitors.
In this study, a thermostabilized, one-step, nested, tetraplex PCR test was developed for the detection and differentiation of Entamoeba species, Entamoeba histolytica and Entamoeba dispar simultaneously from stool samples. This dried-reagent-based PCR test is cold-chain free and only the addition of the DNA sample and PCR-grade (DNase-free) water is required to perform the test. The specific primers involved in this test were designed based on the Entamoeba small subunit rRNA (SSU-rRNA) gene. In order to make the conserved region among the Entamoeba observable simultaneously with Entamoeba histolytica and Entamoeba dispar, the one-step nested principle was applied where three specific forward primers with a single common reverse primer were designed. In addition, a pair of primers was designed to serve as an IC in the test. The entire PCR mixture together with the specific primers were thermostabilized into a dried pellet, using a technique similar to that described in previous studies (Aziah et al., 2007; Klatser et al., 1998) . The sensitivity and specificity of the optimized thermostabilized PCR assay were subsequently determined. 
METHODS
and Vibrio mimicus (n51)] and 14 Gram-positive bacteria [Bacillus subtilis (n51), Enterococcus casseliflavus (n51), Enterococcus species (n55), Enterococcus gallinarum (n51), Staphylococcus aureus (n51), meticillin-resistant Staphylococcus aureus ATCC 33591 (n51), Staphylococcus epidermidis (n51), group A Streptococcus (n51), group B Streptococcus (n51) and group G Streptococcus (n51)].
Positive-control DNA isolation. DNAs isolated from axenically grown Entamoeba histolytica HM-1 : IMSS and lyophilized Entamoeba dispar SAW760 were used as positive controls in this study. Both of these control organisms were a gift from Alfonso Olivos-Garcia (Departamento de Medicina Experimental, Facultad de Medicina, Universidad Nacional Autó noma de México, Mexico). DNA extraction was performed using a QIAamp DNA Stool extraction kit (Qiagen), following the protocol provided by the manufacturer. DNA of Entamoeba moshkovskii Laredo was a kind gift from Professor Graham C. Clark (London School of Hygiene and Tropical Medicine, London, UK). DNA from Entamoeba moshkovskii Laredo was used to validate the designed Entamoeba spp. forward primer (Eg-SS-F1), as well as the specificity of the PCR assay developed in this study.
Primer design. Two species-specific forward primers were designed based on the reported Entamoeba histolytica and Entamoeba dispar SSU-rRNA gene sequences (GenBank accession nos X64142 and Z49256, respectively). An Entamoeba species-specific forward primer and a common reverse primer were designed based on the conserved region of Entamoeba histolytica, Entamoeba dispar, Entamoeba moshkovskii, Entamoeba hartmanni, Entamoeba chattoni, Entamoeba polecki and Entamoeba coli SSU-rRNA gene sequences (GenBank accession nos X64142, Z49256, AF149906, AF149907, AF149912, AF149913 and AF149914, respectively). A pair of IC primers was designed based on the sporozoite surface protein 2 (SSP2) gene of Plasmodium falciparum (GenBank accession no. AL844509.2). The IC was incorporated to check the validity of the PCR test by verifying the absence of inhibiting factors that could lead to false-negative results. The IC used in this study was a pTOPO 2.1 plasmid DNA containing the SSP2 gene from P. falciparum, an organism unrelated to any Entamoeba species. The specific forward primers and common reverse primer were as follows: Eg-SS-F1, 59-TGTGATTAAAACGCTCG-TAGTTGAA-39 (Entamoeba spp. forward); Eh-SS-F1, 59-GAAGCAT-TGTTTCTAGATCTGA-39 (Entamoeba histolytica forward); Ed-SS-F7, 59-AATGCTGAGGAGATGTCAGTT-39 (Entamoeba dispar forward); Eg-SS-CR1, 59-CTCGTTCGTTACCGGAATTAACC-39 (conserved Entamoeba common reverse); SSP-S-2a, 59-TCTTGTAGGTTGTC-ATCCATC-39; and SSP2-AS-4A, 59-GACCATTCGTCCCAAACA-CCA-39 (IC). These primers were designed using Vector NTI Advance 9 software (Invitrogen). All primer sequences were submitted to a BLAST search and compared with sequences in GenBank to validate the three forward primer sequences (Eg-SS-F1, Eh-SS-F1 and Ed-SS-F7) as species-specific and the common reverse primer (Eg-SS-CR1) as highly conserved among Entamoeba species. The appropriate speciesspecific forward primer in combination with the common reverse primer generated a 748 bp PCR product with any Entamoeba DNA, a 556 bp PCR product with Entamoeba dispar DNA and a 301 bp PCR product with Entamoeba histolytica DNA, whilst the IC primers generated a 150 bp PCR product.
Thermostabilization of PCR reagents. Each PCR master reagent mix comprised 43.7 pmol Eg-SS-CR1, 1.7 pmol Eg-SS-F1, 6 pmol Eh-SS-F1, 36 pmol Ed-SS-F7, 2.4 pmol each primer for the IC, 2.5 mM MgCl 2 (Fermentas), 16 Taq buffer with (NH 4 ) 2 SO 4 (Fermentas), 0.16 mM each dNTP (Fermentas), 1.875 U recombinant Taq DNA polymerase (Fermentas) and 30 pg IC DNA template. For the positive control, 10 ng extracted DNA of Entamoeba histolytica and Entamoeba dispar reference strain was added to the mixture, whilst the negative control received only PCR-grade (DNase-free) water (Gibco). Trehalose enzyme stabilizer was added to the PCR reagent mix and the final mixture was subjected to a drying process for 3 h at 5.0 22 mBar pressure using a Heto vacuum concentrator (Thermo Scientific Heto) connected to a LyoLab 3000 freeze-dryer (Thermo Scientific Heto). The PCR tubes containing the dried reagent mix were then stored in a sealed aluminium pouch.
Tetraplex PCR protocol. PCR was performed by the addition of 19 ml PCR-grade (DNase-free) water and 1 ml DNA template to a tube containing the thermostabilized PCR reagents. The mixture was vortexed briefly to dissolve the dried pellet. Each of the positive and negative control tubes received 20 ml PCR-grade (DNase-free) water. PCR amplification cycles were performed in an Eppendorf thermal cycler with one initial denaturation step at 95 uC for 5 min and ten cycles of denaturation at 95 uC for 30 s, annealing at 67 uC for 30 s and extension at 72 uC for 30 s, followed by another 20 cycles of denaturation at 95 uC for 30 s, annealing at 63.5 uC for 30 s and extension at 72 uC for 30 s, with final extension step at 72 uC for 5 min. The amplified PCR products were resolved by 1.5 % agarose gel electrophoresis and stained with ethidium bromide (Sigma). The DNA bands were visualized under UV illumination and photographed using a ChemiImager 5500 image analyser (Alpha Innotech).
Determination of stability, analytical sensitivity and specificity of the thermostabilized PCR mix. The stability or shelf-life of the thermostabilized, triplex PCR assay was estimated using the Q 10 accelerated ageing technique, as described by Clark (1991) . The thermostabilized PCR tubes were stored under elevated temperatures at 37 uC for up to 60 days and tested periodically. The duration of the thermostabilized PCR was then calculated based on the formula provided by Clark (1991) to estimate its stability at ambient temperature (24 uC).
The analytical sensitivity of the thermostabilized PCR at the trophozoite level was determined using tenfold dilutions starting at 1610 6 trophozoites of Entamoeba histolytica and Entamoeba dispar. Each fold dilution of the trophozoites was spiked into stool samples before the DNA was extracted. The limit of detection at the genomic DNA level was determined using various amounts of extracted genomic DNA after twofold dilution and the DNA range was from 29 mg to 4.88 pg. The analytical specificity of the thermostabilized PCR was also evaluated using DNA extracted from Entamoeba moshkovskii Laredo, 31 Gram-negative bacteria and 14 Gram-positive bacteria.
RESULTS
The thermostabilized, one-step, nested, tetraplex PCR was optimized and standardized with the known Entamoeba histolytica HM-1 : IMSS and Entamoeba dispar SAW760 strains. The tetraplex PCR test recognized Entamoeba spp., Entamoeba histolytica, Entamoeba dispar and the IC, with amplicons of 748, 556, 301 and 150 bp being detected, respectively. Entamoeba histolytica alone was detected when amplicons of 301 bp (Entamoeba histolytica), 748 bp (Entamoeba spp.) and 150 bp (IC) were observed, without the 556 bp amplicon of the Entamoeba dispar SSU-rRNA gene. Entamoeba dispar alone was detected when amplicons of 556 bp (Entamoeba dispar), 748 bp (Entamoeba spp.) and 150 bp (IC) were present, without the 301 bp amplicon of the Entamoeba histolytica SSU-rRNA gene. When there were only amplicons of 748 bp (Entamoeba spp.) and 150 bp (IC) present, the PCR result indicated the presence of Entamoeba species other than Entamoeba histolytica and Entamoeba dispar. Both Entamoeba histolytica and Entamoeba dispar were detected in the same sample when all four amplicons were present. The tetraplex PCR was considered a valid negative when only the PCR IC amplicon was observed (Fig. 1) . If none of the four amplicons were present, the PCR test was probably inhibited and should be repeated. Analytical specificity of the thermostabilized, one-step, nested, tetraplex PCR
The thermostabilized PCR assay was evaluated with DNA isolated from Entamoeba moshkovskii and 45 other microorganisms to determine the diagnostic specificity. A representative agarose gel showing the results of the thermostabilized PCR using DNA from other micro-organisms as template is shown in Fig. 2 . The tetraplex PCR positively identified Entamoeba histolytica and Entamoeba dispar when only species-specific amplicons of 301 and 556 bp were present, respectively, together with the Entamoeba spp. and IC amplicons. In addition, the expected amplicons of 150 and 748 bp were observed when the tetraplex PCR was tested with DNA of Entamoeba moshkovskii. All other microbial species were negative, with only IC amplicons being detected. The overall evaluation of the thermostabilized PCR test revealed that the analytical specificity of the optimized, thermostabilized, one-step, nested, tetraplex PCR was 100 %. In addition to its efficacy, this novel PCR is easier to perform than the existing PCR assay currently in use.
Analytical sensitivity of the thermostabilized, onestep, nested, tetraplex PCR
The sensitivity of the thermostabilized, tetraplex PCR assay was evaluated using a series of twofold serially diluted known concentrations of Entamoeba histolytica
and Entamoeba dispar DNA, as well as a series of tenfold serially diluted known numbers of Entamoeba histolytica and Entamoeba dispar trophozoites. The analytical result showed that the limit of detection at the organism level of this assay was as low as 1000 trophozoites for both Entamoeba histolytica (Fig. 3 , lane 5) and Entamoeba dispar (Fig. 4 , lane 5), whilst the limit of detection at the genomic DNA level of this assay was as low as 39 pg for Entamoeba histolytica DNA (Fig. 5, lane 11) and 78 pg for Entamoeba dispar DNA (Fig. 6, lane 10) . Thus, the sensitivity and specificity of this test were appropriate for accurate identification of all three targeted genes in clinical samples.
Stability determination of the thermostabilized, one-step, nested, tetraplex PCR
The tetraplex PCR was evaluated for its stability using the Q 10 method. It was found to be stable at an ambient temperature of 24 u C for 6 months, which was mathematically correlated with its stability at 37 u C (data not shown). This showed that the enzyme stabilizer in the reagent mix was able to protect and prevent any conformation changes in the Taq polymerase during and after the dehydration process. Although this strategy was adapted (Aziah et al., 2007; Klatser et al., 1998) , the thermostabilization procedure was modified and optimized according to the needs of the PCR assay. Thus, this novel, cold-chain-free, PCR test ; 6, 100; 7, ten; 8, one.
for Entamoeba histolytica has the potential to be used as a diagnostic tool for intestinal amoebiasis in resource-limited developing countries.
DISCUSSION
The developed tetraplex PCR test was as sensitive as other molecular diagnostic assays such as the nested, multiplex PCR assay developed by Khairnar & Parija (2007) and the single-round PCR assay developed by Hamzah et al. (2006) . This tetraplex PCR assay could differentiate the pathogenic Entamoeba histolytica from the other Entamoeba species, namely Entamoeba dispar and Entamoeba moshkovskii. In this study, the tetraplex PCR was more rapid as it did not require two runs of PCR as in conventional nested PCR. Moreover, the presence of other non-pathogenic Entamoeba species could be identified by the genus-specific primers.
Faecal samples may contain PCR inhibitors such as complex carbohydrates, bile salts, bilirubins and haem that frequently can be co-extracted along with pathogen DNA (Holland et al., 2000) . Incorporation of the P. falciparum SSP2 gene IC in the tetraplex PCR was able to detect the presence or absence of inhibitor. Until now, there has been no report on the use of an IC for molecular diagnosis of Entamoeba histolytica infection.
Compared with conventional PCR, nested PCR is more specific in amplifying a targeted gene, as the second run of the PCR reduces contamination in the product. However, the two separate runs in nested PCR double the amplification duration and require an extra pipetting step, which increases the chances of contamination. In this study, the tetraplex PCR combined the two PCR runs into a single run where the first 10 cycles amplified only the conserved Entamoeba spp. DNA sequence, the longest amplicon. The next 20 cycles still amplified this amplicon together with the two shorter Entamoeba histolytica and Entamoeba dispar amplicons, which are located within the Entamoeba spp. DNA sequence.
Most Entamoeba histolytica infections occur in developing countries, which often have substandard sanitary facilities. A rapid, specific and sensitive diagnostic test that does not require any cold-chain mechanism for transportation or cold storage is deemed necessary to control the transmission. Thermostabilization of the dried-based reagent mix in our newly developed PCR meant that it is cold-chain independent and remains stable at 24 u C for 6 months. Furthermore, the pellet-form ready-to-use reagent mixture, which requires only two pipetting steps, reduces the chance of cross-contamination caused by multiple pipetting steps. As most stool samples are co-contaminated with other non-pathogenic amoebas, it is pertinent to identify the positive cases to avoid unnecessary medication and to assist clinicians in diagnosis of intestinal amoebiasis. ; 7, 0.625 ng; 8, 0.312 ng; 9, 0.156 ng; 10, 78 pg; 11, 39 pg; 12, 19.53 pg; 13, 9.77 pg; 14, 4 .88 pg.
